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Antigen-specific peripheral tolerance is crucial to prevent the devel-
opment of organ-specific autoimmunity. However, its function
decoupled from thymic tolerance remains unclear. We used desmo-
glein 3 (Dsg3), a pemphigus antigen expressed in keratinocytes, to
analyze peripheral tolerance under physiological antigen-expression
conditions. Dsg3-deficient thymi were transplanted into athymic
mice to create a unique condition in which Dsg3 was expressed
only in peripheral tissue but not in the thymus. When bone
marrow transfer was conducted from high-avidity Dsg3-specific T
cell receptor–transgenic mice to thymus-transplanted mice, Dsg3-
specific CD4+ T cells developed in the transplanted thymus but
subsequently disappeared in the periphery. Additionally, when
Dsg3-specific T cells developed in Dsg32/2 mice were adoptively
transferred into Dsg3-sufficient recipients, the T cells disappeared in
an antigen-specific manner without inducing autoimmune dermati-
tis. However, Dsg3-specific T cells overcame this disappearance and
thus induced autoimmune dermatitis in Treg-ablated recipients but
not in Foxp3-mutant recipients with dysfunctional Tregs. The mole-
cules involved in disappearance were sought by screening the tran-
scriptomes of wild-type and Foxp3-mutant Tregs. OX40 of Tregs
was suggested to be responsible. Consistently, when OX40 expres-
sion of Tregs was constrained, Dsg3-specific T cells did not disap-
pear. Furthermore, Tregs obtained OX40L from dendritic cells in an
OX40-dependent manner in vitro and then suppressed OX40L
expression in dendritic cells and Birc5 expression in Dsg3-specific
T cells in vivo. Lastly, CRISPR/Cas9-mediated knockout of OX40
signaling in Dsg3-specific T cells restored their disappearance in
Treg-ablated recipients. Thus, Treg-mediated peripheral deletion of
autoreactive T cells operates as an OX40-dependent regulatory mech-
anism to avoid undesired autoimmunity besides thymic tolerance.
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Immunological tolerance is crucial for maintaining immune
homeostasis and preventing autoimmune diseases in

healthy individuals. Therefore, identifying the mechanism of
tolerance in normal subjects is essential to understanding dis-
ease pathology and has the potential to lead to novel
approaches to treating intractable autoimmune diseases.
Classic studies have demonstrated that most thymocytes
undergo deletion or anergy after encountering autoantigens
in the thymus (1, 2). Such thymus-mediated central tolerance
is not necessarily perfect (3). In addition, the human thymus
begins to decrease in size and activity by the early teens and
is gradually replaced by adipose tissue; it loses its functional-
ity by 50 y of age (4). Therefore, it may be important that the
immune system should maintain another tolerance mechanism in

peripheral tissue to constrain autoimmunity; this is known as
peripheral tolerance.

Roles of peripheral immune tolerance have previously been
investigated in various experimental conditions, and it was
reported that several immunoregulatory molecules, such as
PD-1, CTLA-4, and IL-10, play pivotal roles in the periphery
(5–7). However, many of these experiments were conducted
without completely excluding the influence of the thymus. For
precise analysis of peripheral tolerance, both central and peri-
pheral tolerance mechanisms that engage in mutual compensa-
tion to avoid harmful autoimmunity must be considered. In the
thymus, medullary thymic epithelial cells (TECs) promiscuously
express peripheral tissue-specific antigens via transcription fac-
tors such as autoimmune regulator (Aire) and forebrain embry-
onic zinc finger 2 (Fezf2) (8–10). Dual antigen expression in
the thymus and peripheral tissue would hamper appropriate
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interpretation as to which tolerance contributes to experimental
results, central or peripheral tolerance.

Previous experiments designed to elucidate central tolerance
have also faced the same issue. A tissue-specific promoter such
as the keratin 4 promoter was used to express the antigen in
TECs to ensure that T cells encounter the autoantigen in the
thymus (11, 12). However, the antigen was also simultaneously
expressed in peripheral tissue, and central tolerance was evalu-
ated without considering the contribution of peripheral tolerance.
Thus, a complete picture of peripheral tolerance mechanisms
remains unclarified, and its understanding is practically more
helpful in terms of future clinical application, since molecules and
cells critically working in peripheral tolerance is more accessible
than those of central tolerance. Therefore, it is necessary to pre-
pare an experimental design that decouples peripheral tolerance
from central tolerance.

Dsg3 is an adhesion molecule expressed in keratinocytes and a
target autoantigen of pemphigus vulgaris (PV), an autoimmune
bullous disease (13). A series of studies demonstrated that Dsg3-
specific Tcell receptor–transgenic Tcells (Dsg3H1 Tcells) directly
infiltrated the epidermis and induced cellular immunity to Dsg3-
bearing keratinocytes after adoptive transfer into Rag2�/� mice,
leading to skin inflammation known as interface dermatitis (14).
Interface dermatitis is the pathological changes that are observed
in paraneoplastic pemphigus, one of the subtypes of pemphigus
with anti-Dsg3 autoimmunity (15) as well as lupus erythemato-
sus, lichen planus, and graft versus host disease (16). We used
interface dermatitis as a disease model to analyze how antigen-
specific autoimmunity is constrained by peripheral tolerance in
this study.

Our goal was to define the mechanism of peripheral tolerance
to desmoglein 3 (Dsg3), an epidermal autoantigen of PV. To
eliminate contributions of central tolerance, we transplanted the
thymus from Dsg3-deficient mice to athymic nude mice. This
model allows us to evaluate and dissect the peripheral tolerance
in a way previous classic studies could not. We found that key
contributors that maintain peripheral tolerance are regulatory
Tcells (Tregs). This mechanism operates in a Dsg3-specific man-
ner, and its failure results in the induction of autoimmune sta-
tus. These findings provide a framework for understanding the
mechanisms of peripheral tolerance and developing a therapeu-
tic strategy to eliminate autoreactive T cells by modifying Tregs
as antigen-specific immune suppression.

Results
Dsg3-Specific TCR Tg T Cells Are Deleted in the Dsg3-Bearing Thy-
mus. To investigate the mechanisms of peripheral tolerance to
Dsg3, we used Dsg3-specific T cell receptor (TCR) Tg mice,
hereafter “Dsg3H1 mice” (14). In this study, Dsg3H1 mice were
crossed with Rag2�/� mice to exclude endogenous TCR expres-
sion and ensure that CD4+ T cells expressed only Dsg3-specific
TCR. Bone marrow cells of Dsg3H1-Rag2�/� mice were trans-
planted into wild-type (WT) and Dsg3�/� mice after irradiation
with 7.5 Gy; the fate of Dsg3H1-Rag2�/� T cells was then
observed. Two months after bone marrow transplantation
(BMT), Dsg3H1-Rag2�/� T cells were evident as CD4 single
positive (CD4SP) cells in the thymi of Dsg3�/� mice (Fig. 1 A
and B) and in peripheral lymphoid organs. In contrast, neither
CD4SP cells nor mature CD4+ T cells were detected in the thy-
mus or periphery of Dsg3-bearing WT mice, respectively (Fig. 1
A and B). This indicated that Dsg3H1-Rag2�/� T cells were
deleted via negative selection in the WT thymus. To evaluate
pathogenicity of Dsg3H1-Rag2�/� CD4+ Tcells, Dsg3H1-Rag2�/

� CD4+ T cells that had developed without undergoing Dsg3-
specific negative selection in Dsg3�/� mice were isolated from
peripheral lymph nodes (LNs) or spleen (Sp) and transferred to
Rag2�/� immunodeficient mice; subsequently, Dsg3H1-Rag2�/�

CD4+ T cells proliferated under lymphopenic conditions, and
the recipients developed skin inflammation pathologically classi-
fied as interface dermatitis (Fig. 1C). However, when the
Dsg3H1-Rag2�/� T cells were adoptively transferred into WT
mice, disease development was completely inhibited (Fig. 1C).
Therefore, Dsg3H1-Rag2�/� T cells represent pathogenic auto-
immune CD4+ T cells, but their pathogenicity is efficiently
constrained by physiological mechanisms in WT mice that we
further investigated in this study.

Dsg3-Dependent Immune Regulation by Peripheral Organs Is Responsible
for the Disappearance of Autoreactive CD4+ T Cells. We created a
model to study peripheral tolerance to Dsg3 without influence
of central tolerance. The Dsg3-deficient thymus from Dsg3�/�

mice was transplanted to athymic nude mice to generate a
unique chimeric condition in terms of Dsg3 expression (Fig. 1
D, middle row and SI Appendix, Fig. S1A), in which Dsg3 was
deficient in the thymus but was expressed in peripheral tissues,
including the skin. In these mice, T cells were not subjected to
Dsg3-specific central tolerance. The cells that developed in the
Dsg3-deficient thymus are able to move into the secondary lym-
phoid organs and Dsg3-expressing peripheral tissues such as
skin. In addition, we prepared two sets of controls: Dsg3-
lacking and Dsg3-bearing controls (Fig. 1 D, top and bottom
row). Dsg3�/� mice were used for the Dsg3-lacking control; in
these mice, Dsg3 was deficient in both the thymus and periph-
eral tissues. WT thymus-transplanted nude mice were used for
the Dsg3-bearing control; in these mice, Dsg3 was expressed in
both the thymus and peripheral tissues (SI Appendix, Fig. S1A).
Transplanting the thymus to nude mice restored T cell develop-
ment, as reported previously (17–19) (SI Appendix, Fig. S1B).
Furthermore, to study Dsg3-specific CD4+ T cell development
under the three conditions, we transferred bone marrow from
Ly-5.1+ Dsg3H1-Rag2�/� mice into the three kinds of recipients
(SI Appendix, Fig. S1C). Two months later, the thymus, skin-
draining LNs (SLNs), and Sp of each recipient were analyzed.
Under BMTconditions optimized for the three recipients, small
populations of Ly5.1+ donor-derived thymocytes were detected
among CD4�CD8� thymocytes at the developmental stage
prior to negative selection, thus 7.80 ± 3.24% in Dsg3-lacking
controls, 2.26 ± 0.86% in thymus-transplanted chimeric mice,
and 2.25 ± 0.76% in Dsg3-bearing controls (SI Appendix, Fig.
S1D). In recipient Dsg3�/� mice, Dsg3H1-Rag2�/� CD4+ T cells
developed in the thymus and became the major donor-derived
population in the SLNs and Sp (Fig. 1 D, top row and E). In con-
trast, few Dsg3H1-Rag2�/� CD4+ T cells were detected in the
transplanted Dsg3+/+ thymus, and their proportions were negligi-
ble and significantly decreased in the Sp and SLNs, respectively,
in Dsg3+/+ thymus-transplanted nude mice compared to Dsg3�/�

controls (Fig. 1 D, bottom row and E). In terms of recipient-
derived T cells, WT T cells developed into a CD4SP population
in transplanted WT thymi of nude mice after sublethal irradia-
tion prior to BMT (SI Appendix, Fig. S1E). These results suggest
that the transplanted thymus maintains not only normal CD4+ T
cell development but also the mechanism that deletes Dsg3-
specific CD4+ Tcells.

To investigate autoreactive T cell behavior upon first contact
with cognate antigen in the peripheral lymphoid organ, we ana-
lyzed Dsg3�/� thymus-transplanted nude mice after the transfer
of bone marrow from Dsg3H1-Rag2�/� mice. Dsg3H1-Rag2�/�

T cells developed abundantly to the CD4SP population in the
thymus, as in Dsg3�/� mice (Fig. 1 D, middle row and E). How-
ever, Dsg3H1-Rag2�/� Tcell populations were negligible or sig-
nificantly decreased in the Sp and SLNs, respectively (Fig. 1 D,
middle row and E). These results indicate that a peripheral reg-
ulatory mechanism eliminated Dsg3H1-Rag2�/� Tcells.
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The Adoptive Transfer Model Reproduces the Peripheral Disappearance
of Dsg3H1-Rag2�/� T Cells. To further investigate key subsets of
immune cells and molecules responsible for the peripheral toler-
ance observed in the thymus transplantation model, we used the
adoptive transfer method. Bone marrow was transferred from
Dsg3H1-Rag2�/� mice to Dsg3�/� mice so that Dsg3H1-Rag2�/� T
cells developed in the thymus without exposure to Dsg3. Next
peripheral Dsg3H1-Rag2�/� T cells were isolated from the Sp and
LNs of recipient Dsg3�/� mice and adoptively transferred into WT
mice (Fig. 2A). By using mature Dsg3H1-Rag2�/� Tcells from the
Sp and LNs, we were able to focus on peripheral immune regula-
tion without considering thymic regulation in the recipient mice.

In this approach, Dsg3-specific Tcells first encounter Dsg3 in
the periphery, as in the thymus transplantation model. At day
14 after transfer, Dsg3H1-Rag2�/� T cells were not detected in
SLNs, the Sp, MLNs, or Dsg3-bearing peripheral tissues such as
skin and were therefore considered to have disappeared in
recipient WT mice (Fig. 2 B, Top and C and SI Appendix, Fig.
S2A); whereas Dsg3H1-Rag2�/� T cells remained in the recipi-
ent Dsg3�/� mice (Fig. 2 B, middle row and C). However, when
Ly5.1 WT CD4+ Tcells were transferred to WT mice, the trans-
ferred cells remained (SI Appendix, Fig. S2B). These results

indicate that the adoptive transfer model at least partially
mimics the thymus transplantation model and enables investiga-
tion of the mechanisms of Dsg3-specific peripheral tolerance
using recipient mice under various experimental conditions.

Presentation of Dsg3 Is Necessary for the Peripheral Disappearance
of Dsg3H1-Rag22/2 T Cells in SLNs. Next, we determined whether
the presentation of Dsg3 is involved in peripheral deletion; for
this purpose, we used MHC class II�/� (MHCII�/�) mice as recip-
ients (Fig. 2 B, bottom row and C). After adoptive transfer,
Dsg3H1-Rag2�/� Tcells failed to disappear at day 14, which indi-
cates that MHCII-dependent antigen presentation is necessary for
the peripheral disappearance of Dsg3H1-Rag2�/� Tcells.

Next Dsg3H1-Rag2�/� T cells were labeled with cell prolifera-
tion tracer and observed 3 d after transfer. Dsg3H1-Rag2�/�

Tcells proliferated vigorously in WT mice but negligibly in Dsg3�/�

and MHCII�/� mice (Fig. 2 B and C and SI Appendix, Table S1).
Furthermore, FTY720 treatment on WT mice, which trapped lym-
phocytes in the secondary lymphoid tissue, enabled Dsg3H1-
Rag2�/� Tcells to proliferate in the SLNs but to a lesser degree in
the Sp and MLNs (Fig. 2 D and E). These results indicate that

Fig. 1. Thymus transplantation model of
Dsg3-dependent peripheral immune regu-
lation. (A and B) Flow cytometry (FCM)
plots and quantitative summaries of thymo-
cytes and lymphocytes in the Sp and SLNs
showing the deletion of Dsg3H1-Rag2�/� T
cells in the Dsg3-expressing thymus (gated
on Ly5.1+). The proportion of Ly5.1+ cells in
each organ are also shown. Data are from
two independent experiments (n = 3 mice
per group). (C) Clinical phenotype and
pathology of the palate of Rag2�/� and WT
mice administered Dsg3H1-Rag2�/� T cells.
In the H&E-stained images, infiltrating lym-
phocytes (yellow arrow), Civatte body
(green), and liquefaction (white) are indi-
cated. For immunofluorescence (IF), the
palate was stained with anti-CD4 Abs
(green) and DAPI (blue). Dotted lines indi-
cate the basement membrane zone (BMZ).
(Scale bars, 50 μm.) Data are from three
independent experiments (n = 3 mice per
group). (D) The Dsg3 expression pattern of
recipient mice. Presence (pale red) and
absence (blue) of Dsg3, and FCM plots of
thymocytes and lymphocytes in recipient
mice 2 mo after BMT. FCM plots indicating
the proportions of Ly5.1+ cells are also
shown (left column of each tissue). FCM
plots showing CD4 versus CD8 T cell devel-
opment are shown after gating on Ly5.1+

cells (right column of each tissue). The
experimental approach is described in SI
Appendix, Fig. S1C. Data are from three to
five experiments independent experiments
(n = 1 to 3 mice per group). (E) Proportion
of Dsg3H1-Rag2�/� T cells in the thymus,
SLNs, and Sp of each recipient mouse (n = 6
or 8; the data of three experiments were
pooled). Means ± SEMs are shown. *P < 0.
05, **P < 0.01, and ***P < 0.001 based on
unpaired t tests (B) or a Mann–Whitney U
test (E) between the groups.
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Dsg3H1-Rag2�/� Tcells proliferate before disappearing upon anti-
gen presentation in the SLNs of WT mice.

Dsg3H1-Rag22/2 T Cells Show Aberrant Activation during Antigen-
Specific Peripheral Disappearance. T cells are typically activated
after antigen recognition. However, most Dsg3H1-Rag2�/�

T cells maintained a so-called naıve phenotype (CD62Lhi and
CD44lo) and did not up-regulate the activation marker, CD25,
during proliferation after transfer to WT mice (Fig. 2 F and G).
By contrast, Dsg3H1-Rag2�/� T cells acquired a memory phe-
notype (CD62Llo and CD44hi) and up-regulated CD25 during
homeostatic proliferation after transfer to Rag2�/� mice, in
which the autoreactive T cells became pathogenic and induced
interface dermatitis (Fig. 2 F and G). IFN-γ is a key cytokine for
Dsg3H1 T cells to induce interface dermatitis (14), but its
expression in Dsg3H1-Rag2�/� Tcells was significantly decreased
after transfer to WT mice (Fig. 2 F and G), which indicates that
Dsg3H1-Rag2�/� T cells are less functional as effector T cells
during the disappearance. Thus, Dsg3H1-Rag2�/� T cells prolif-
erate after antigen recognition but failed to acquire an activated
phenotype, resulting in disappearance under physiological condi-
tions in the periphery of WT mice. These results imply that
other steps aside from antigen recognition that are necessary for
full activation of T cells are missing during the disappearance.

Costimulatory signals are one of the representative steps for
proper Tcell activation.

Foxp3+ Regulatory T Cells Are Indispensable for the Peripheral
Disappearance of Dsg3H1-Rag2�/� T Cells and Prevention of Skin
Inflammation. Next, we sought to identify molecules responsible
for the peripheral disappearance of Dsg3H1-Rag2�/� T cells.
Of the several molecules associated with tolerance, Aire and
PD-1 are representative; extrathymic Aire-expressing cells and
PD-1 signaling are reportedly essential for antigen-specific
CD8+ T cell deletion in pancreatic LNs and the liver, respec-
tively (20, 21). However, Dsg3H1-Rag2�/� T cells disappeared
after adoptive transfer into Aire�/� mice and anti-PD-1–treated
WT mice, which suggests no involvement of Aire and PD-1 in
the disappearance (SI Appendix, Fig. S3 A and B). Next, to per-
form unbiased screening for responsible molecules, we planned
to identify the cells responsible for the disappearance and then
utilize their transcriptome data.

First, we investigated the potential role of Foxp3+ Tregs, which
are essential for maintaining immune homeostasis. To evaluate
the importance of Tregs in the peripheral disappearance of
Dsg3H1-Rag2�/� T cells, we used DEREG mice, in which diph-
theria toxin (DT) receptor is expressed in Foxp3+ T cells, which
can be transiently deleted by DT injection (22). When Dsg3H1-

Fig. 2. Adoptive transfer model showing
the peripheral disappearance of Dsg3H1-
Rag2�/� T cells. (A) Outline of the adoptive
transfer of Dsg3H1-Rag2�/� T cells to WT
mice. (B and C) FCM plots and quantitative
summaries of lymphocytes in SLNs of WT,
Dsg3�/�, and MHCII�/� mice at days 3 and
14 after transfer (gated on Vβ6+). Dsg3H1-
Rag2�/� T cells were gated by square. (D
and E) Histogram and quantitative summa-
ries of intensity of cell proliferation tracer
in proliferating Dsg3H1-Rag2�/� T cells in
the SLNs, MLNs, and Sp of the FTY720-
injection and control groups 3 d after trans-
fer. (F and G) FCM plots and quantitative
summaries of the expression of the indi-
cated factors in Dsg3H1-Rag2�/� T cells in
SLNs at day 3 after transfer to Rag2�/� and
WT mice (gated on Vβ6+Ly5.1+CD4+ cells).
Means ± SEMs are shown. ns, not signifi-
cant, *P < 0.05, **P < 0.01, and ****P <
0.0001 based on unpaired t tests between
the groups. Data are from three (B, C, F,
and G) or two (D and E) independent
experiments (n = 3 to 5 mice per group).
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Rag2�/� T cells were transferred to Treg-ablated DEREG mice
(Fig. 3A), proliferation of Dsg3H1-Rag2�/� T cells was observed
in the SLNs at day 3 (Fig. 3B). Moreover, Dsg3H1-Rag2�/� Tcells
in Treg-ablated mice exhibited greater proliferative response and
up-regulation of CD25 and CD44 expression than that in WT
mice and showed an typical activation phenotype (Fig. 3 B and
C). In addition, Dsg3H1-Rag2�/� Tcells produced more IFN-γ in
Treg-ablated mice than that in WT mice (Fig. 3 D and E). These
results indicate that Tregs constrain normal activation during the
disappearance of Dsg3H1-Rag2�/� Tcells.

Indeed, Dsg3H1-Rag2�/� T cells not only increased but
remained a significant population after proliferation at day 14 in
Treg-ablated mice, while Dsg3H1-Rag2�/� T cells disappeared in
DT-treated WT mice as control (Fig. 3F). Furthermore, autoreac-
tive T cells induced the pathogenic phenotype by infiltrating the
palate and skin (Fig. 3G) with higher clinical score (SI Appendix,
Table S2) than that of DT-treated WT mice (Fig. 3H and SI
Appendix, Table S1), while the interface dermatitis was not clearly
observed in mild skin inflammation endogenously occurred just
after Treg depletion (SI Appendix, Fig. S4 A and B). These results
indicate that Tregs were required for Dsg3-specific CD4+ T cell
disappearance in the periphery.

Deletion of Dsg3H1-Rag22/2 T Cells Is Maintained in the Periphery
of Immunodysregulation, Polyendocrinopathy Enteropathy X-Linked–
Derived Foxp3 Mutant Mice. Given that Tregs are crucial for main-
taining Dsg3-specific peripheral tolerance, we next attempted to
identify Treg-derived factors involved in this process and extract
one of the responsible pathways affected in disappearing autor-
eactive T cells. To this end, we focused on patients with immuno-
dysregulation, polyendocrinopathy enteropathy X-linked syn-
drome, a rare disease linked to dysfunction in Foxp3 (23). Three
mutations in Foxp3 (A384T, I363V, and R397W) are associated
with disease severity. In these three Foxp3 mutation-knock in
mice, Foxp3+ Treg function was affected to various degrees (24).
Therefore, these three Foxp3 mutant strains were used as recipi-
ents, and the fate of Dsg3H1-Rag2�/� Tcells in the periphery was
evaluated in each strain after adoptive transfer.

Foxp3I363V/Y and Foxp3A384T/Y mice showed signs of mild-to-
moderate tissue inflammation, including dermatitis, by 3 mo of
age. When transferred into 4-wk-old mice, Dsg3H1-Rag2�/�

T cells disappeared at day 14 in both strains (Fig. 4A).
Foxp3R397W/Y mice, which showed the most severe phenotype
among the three strains, died at around 6 wk because of aber-
rant systemic inflammation, similar to Foxp3-deficient scurfy

Fig. 3. Dsg3H1-Rag2�/� T cells are acti-
vated and induce interface dermatitis when
Tregs are ablated. (A) Outline of the adop-
tive transfer of Dsg3H1-Rag2�/� T cells
when Treg is ablated. (B–E) FCM plots and
quantitative summaries of the expression
and the intensity of the indicated factors in
Dsg3H1-Rag2�/� T cells in SLNs at day 3
after transfer to DT-treated DEREG and
control mice (gated on Vβ6+Ly5.1+CD4+).
(F) FCM plots of lymphocytes in SLNs of WT
and DT-treated DEREG mice at day 14 after
transfer (gated on Vβ6+). Ly5.1+CD4+ cells
are Dsg3H1-Rag2�/� T cells. (G) Clinical phe-
notype and pathology of the palate of
DT-treated DEREG and WT mice at day 14
after the transfer of Dsg3H1-Rag2�/� T
cells. For IF, the palate was stained with
anti-Ly5.1 Ab (green) and DAPI (blue). Dot-
ted lines indicate the BMZ. Yellow arrow
indicates infiltrating lymphocytes. (Scale
bars, 50 μm.) (H) Clinical scores of
DT-treated DEREG and WT mice at day 14
after the transfer of Dsg3H1-Rag2�/� T
cells. Means ± SEMs are shown. **P < 0.01,
***P < 0.001, and ****P < 0.0001 by
unpaired t tests between the groups. Data
are from at least three independent experi-
ments (n = 3 to 5 mice per group).

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

Iriki et al.
Peripheral tolerance by Treg via constraining OX40 signal in autoreactive T cells
against desmoglein 3, a target antigen in pemphigus

PNAS j 5 of 12
https://doi.org/10.1073/pnas.2026763118

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026763118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026763118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026763118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026763118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026763118/-/DCSupplemental


mice (25). Therefore, we crossed Foxp3R397W/Y mice with Tbx21�/�

mice to prolong survival (26) and used Foxp3R397W/YTbx21�/� mice
as recipients at the age of 6 wk. In this mutant, most Dsg3H1-
Rag2�/� T cells disappeared on day 14 (Fig. 4A), even though
Foxp3R397W/YTbx21�/� mice had already developed dermatitis
before the transfer (SI Appendix, Fig. S4C). Therefore, the
Foxp3R397W mutation severely affected Treg function in a manner
similar to scurfy Tregs but did not significantly impact the periph-
eral disappearance of Dsg3H1-Rag2�/� Tcells. That is, the down-
stream target molecules regulated by Foxp3 were not directly
linked to the peripheral disappearance of Dsg3H1-Rag2�/� T
cells, although Foxp3+ Tregs themselves are required for the
deletion, as seen in DT-treated DEREG mice. This led us to
hypothesize that peripheral deletion may be linked to Foxp3-
independent molecular events that operate in Foxp3+ Tregs.

CTLA-4 and OX40 Are Up-Regulated in Tregs in a Mutant Foxp3-
Independent Manner. Because the deletion of Dsg3H1-Rag2�/�

Tcells occurred in the three Foxp3 mutant strains but not in the
Treg-ablated mice, Treg-specific molecules functional in all of
the mutants could have been responsible for the peripheral tol-
erance to Dsg3. Therefore, we used the global gene expression

database (GEO; GSE89744) to identify candidate factors
among those obtained from the mutant and WT Tregs (24). As
the gene expression profiles of Foxp3R397W and Foxp3I363V Tregs
are reportedly similar to that of conventional T cells (Tconv),
but very different from that of WT Tregs (24), the numbers of
genes commonly up-regulated in both WT and Foxp3R397W

Tregs (compared to Tconv) were limited; only 24 genes were
candidates for deletional tolerance (Fig. 4B). Among them,
only CTLA-4 and OX40 (coded by Tnfrsf4) were cell surface
molecules associated with costimulation, and highly expressed
in these mutant and WT Tregs according to the microarray
data (SI Appendix, Fig. S5 A and B), suggesting that both mole-
cules might be ones of the responsible candidates expressed in
Tregs for the peripheral disappearance.

The OX40-OX40L, but Not the CTLA4-CD80/86, Interaction Is
Required for the Peripheral Disappearance of Dsg3H1-Rag2�/�

T Cells. Next, we assessed expression levels of CTLA-4 and
OX40 in Tregs before and after the peripheral disappearance.
As results, OX40, but not CTLA-4, was up-regulated in Tregs
after adoptive transfer of Dsg3H1-Rag2�/� T cells into WT
mice (Fig. 4 C and D). This OX40 up-regulation was further

Fig. 4. OX40 on Tregs is required for the
peripheral disappearance of Dsg3H1-Rag2�/�

T cells. (A) FCM plots of lymphocytes in SLNs
of WT, Foxp3A384T, Foxp3I363V, Tbx21�/�,
Tbx21�/�Foxp3I363V, and DT-treated DEREG
mice at day 14 after transfer (gated on Vβ6+

cells). Dsg3H1-Rag2�/� T cells were gated by
squares. Data are from three independent
experiments (n = 1 to 3 mice per group).
(B) Venn diagrams showing WT Treg-specific
genes (left circle) and Foxp3R397W Treg-
specific genes (right circle). The expression of
24 genes was more than fivefold higher in
WT and Foxp3R397W Tregs than in Tconvs.
(C and D) FCM plots and quantitative sum-
maries of CTLA-4 and OX40 expression in
Tregs from SLNs before and 3 d after the
transfer of Ly5.1+ Dsg3H1-Rag2�/� T cells
(gated on Ly5.1�CD4+CD25+Foxp3+). Data
are from three independent experiments
(n = 3 to 6 mice per group). (E and F) FCM
plots and quantitative summaries of lym-
phocytes in SLNs of CTLA4-Ig, anti-OX40L
Ab, and PBS-injected DT-treated DEREG
mice at day 14 after the transfer of 1 × 106

CellTrace-labeled Ly5.1+ Dsg3H1-Rag2�/�

T ells and 1 × 106 Ly5.2+ WT T cells as an
internal control (gated on CD4+). Prolifer-
ated CellTracelowLy5.1+Dsg3H1-Rag2�/�

T cells and CellTrace+Ly5.1� cotransferred
WT T cells were gated by red and black
squares. Remaining Dsg3H1-Rag2�/� T cell
ratio was calculated as the proportion of
CellTracelowLy5.1+Dsg3H1-Rag2�/� T cells
divided by that of CellTrace+Ly5.1� WT
T cells. The data of three independent
experiments were pooled (n = 1 to 3).
Means ± SEMs are shown. ns, not signifi-
cant, *P < 0.05 and **P < 0.01 based on
unpaired unpaired t tests (D) or a
Mann–Whitney U test (F) between the
groups.
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assessed in Dsg3-specific Tregs with Dsg31-15:I-Ab tetramer.
Indeed, the proportion of OX40-expressing Dsg3-specific Tregs
increased after adoptive transfer of Dsg3H1-Rag2�/� T cells
(SI Appendix, Fig. S5 D and E).

Next, we evaluated functional responsibility of OX40 or CTLA-
4 in Tregs for the peripheral disappearance in vivo. If Tregs use
OX40 or CTLA-4 to suppress autoimmunity and induce Tcell dis-
appearance, the two molecules bind the ligands, OX40L or CD80/
86, respectively, before Dsg3H1-Rag2�/� T cell disappearance.
To determine which molecular interaction reproduces the
Treg-dependent peripheral disappearance of autoreactive
CD4+ T cells, we administered CTLA4-Ig or anti-OX40L
blocking antibody in Treg-ablated mice, to which the same cell
number of Ly5.1+ Dsg3H1-Rag2�/� T cells and CellTrace-
labeled Ly5.2+CD4+ Tcells as internal control were adoptively
transferred. The CTLA4-Ig and anti-OX40L antibodies would
be expected to detect CD80/CD86 and OX40L respectively,
principally in antigen-presenting cells (APCs), and to recapit-
ulate Treg CTLA-4 and OX40 actions, if indeed these
molecules were responsible for the disappearance. In the
Treg-ablated condition, Dsg3H1-Rag2�/� T cells usually over-
come peripheral disappearance and sequentially induce inter-
face dermatitis (Fig. 3 F–H), OX40L antibody treatment
significantly restored the T cell disappearance but CTLA4-Ig
treatment did not (Fig. 4 E and F and SI Appendix, Table S1).

These results together indicate that the OX40-OX40L inter-
action, but not the CTLA4-CD80/86 interaction, is one of the
crucial pathways involved in the Treg-dependent peripheral dis-
appearance of Dsg3H1-Rag2�/� Tcells.

Treg–Dendritic Cell Interaction Reduces OX40L Expression Levels in
Dendritic Cells. Restoration of peripheral disappearance by anti-
OX40L blocking antibody in Treg-ablated mice inspired us to
explore how OX40-expressing Tregs indirectly inhibited the

OX40-OX40L interaction between APCs and T cells, including
autoreactive T cells. In one possibility, interaction between
Tregs and dendritic cells (DCs) might down-regulate OX40L
expression of DCs.

To explore this, we performed in vitro experiments in which
SLN-derived DCs were cocultured with WT or OX40�/� Tregs.
The OX40L expression levels in DCs were slightly but significantly
reduced on coculture with WT Tregs, compared to that on cocul-
ture with OX40�/� Tregs (Fig. 5 A and B). Furthermore, when
DCs were labeled with the cell membrane tracer PKH67 (a lipo-
philic long-chain carbocyanine dye) before coculture, OX40L
expression was detected only in WT Tregs, principally PKH67+

WT Tregs, but not OX40�/� Tregs (Fig. 5 C and D). These results
indicated that interaction between Tregs and DCs can suppress
OX40L expression in DCs. The mechanism of OX40L down-
regulation in DCs after coculture with Tregs might involve Treg
acquisition of cell membrane components (including OX40L)
from DCs in a Treg-derived OX40-dependent manner. Indeed,
OX40L was detected on the ex vivo cell surfaces of Tregs from
WT but not OX40�/� mice (SI Appendix, Fig. S5 F and G). In
addition, all subpopulations of CD11cintMHCIIhigh migratory DCs,
which potentially acquire Dsg3 in the skin and then interact with
Dsg3-specific Tcells in the SLNs, evidenced constrained expression
of OX40L if Tregs were present in vivo during peripheral disap-
pearance (Fig. 5E). These in vivo results are consistent with the
results of the coculture experiments involving Tregs and DCs.

Constrained OX40-Signaling Is One of the Crucial Factors to Induce
the Peripheral Disappearance of Dsg3H1-Rag2�/� T Cells. In the
absence of Tregs, unconstrained expression of OX40L in migra-
tory DCs and no peripheral disappearance were observed but
OX40L blockade restored them. Since Dsg3H1-Rag2�/� T cells
interact with DCs in an antigen-specific manner, altered
OX40L expression in DCs presumably influences OX40-

Fig. 5. OX40L expression on DCs can be
regulated by Tregs. (A and B) FCM analysis
and quantitative summaries of OX40L
expression in DCs which were isolated from
SLNs of WT mice and cultured with OX40�/�

or WT Tregs. (C) FCM plots of OX40L expres-
sion in OX40�/� or WT Tregs which were
cultured with PKH67-labeled DCs from SLN
(gated on CD4+CD25+Foxp3+). Positive fluo-
rescence of PKH67, a lipophilic long chain
carbocyanine dye, means that the cells
acquired cell membrane from cocultured
DCs from SLN of WT mice. OX40L+ and
OX40L� PKH67+ cells are gated by squares;
the proportions are shown. (D) Quantitative
summary of OX40L+ cells in PKH67+ and
PKH67� cells of OX40�/� or WT Tregs, which
were cultured with PKH67-labeled DCs from
SLN of WT mice. (E) Representative FCM
plots showing four subsets of migDCs in SLN
of WT mice (1): Langerin�CD11b� (2),
Langerin�CD11b+ (3), Langerin+CD103�,
and (4) Langerin+CD103+ cells. Quantitative
summaries of the OX40L expression levels in
each subset in DT-treated WT and DEREG
mice are also shown. Means ± SEMs are
shown. *P < 0.05, **P < 0.01, and ***P <
0.001, and ****P < 0.0001 based on
unpaired t tests between groups. Data are
from four (A–D) or two (E) independent
experiments (n = 3 to 5 per group).
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signaling in proliferating Dsg3H1-Rag2�/� T cells after antigen
stimulation. To understand the OX40-signaling status, we
investigated Birc5, a downstream molecule of OX40 (27), in
proliferating Dsg3H1-Rag2�/� T cells. Expression of Birc5 in
Dsg3H1-Rag2�/� T cells was increased under Treg-deficient
condition, where Dsg3H1-Rag2�/� T cells survive, but hardly in
WT mice (Fig. 6 A and B). Because the up-regulation of Birc5
in Dsg3H1-Rag2�/� T cells was suppressed by anti-OX40L
blocking Ab injection in Treg-deficient condition (Fig. 6C),
Birc5 up-regulation depends on a functional OX40-signaling
received by Dsg3H1-Rag2�/� T cells in vivo. By contrast, anti-
OX40 agonistic Ab treatment up-regulated Birc5 expression in
proliferating Dsg3H1-Rag2�/� T cells after adoptive transfer
into WT mice (Fig. 6 D and E). Strikingly, Dsg3H1-Rag2�/� T
cells did not disappear, rather inducing interface dermatitis
(Fig. 6 F–I and SI Appendix, Table S1), whereas agonistic Ab
treatment alone did not induce dermatitis in WT mice (Fig. 6J).

OX40 Signaling in Dsg3H1-Rag2�/� T Cells Is Necessary for Cell
Survival. After Treg-ablation or agonistic anti-OX40 Ab injec-
tion that allowed Dsg3H1-Rag2�/� T cells to survive, OX40

signaling of cells other than Dsg3H1-Rag2�/� Tcells might have
been affected, and it thus remained unclear whether OX40 sig-
naling in Dsg3H1-Rag2�/� Tcells was important in terms of dis-
appearance. To explore a possibly indispensable role for OX40
signaling in terms of Dsg3H1-Rag2�/� T cell peripheral disap-
pearance, we knocked-out the OX40 gene of Dsg3H1-Rag2�/�

T cells using the CRISPR/Cas9 technique. Loss of OX40
expression in CRISPR/Cas9-treated OX40�/� T cells, but not
control T cells, was confirmed (SI Appendix, Fig. S6A); the con-
trol CD69 expression levels were comparable in both cells (SI
Appendix, Fig. S6B). In WT mice under agonistic anti-OX40
Ab treatment, Dsg3H1-Rag2�/� T cells usually survived, but
they disappeared and interface dermatitis was not induced
when OX40 in the T cells were knocked-out (Fig. 7 A–C and SI
Appendix, Table S1). These results indicated that loss of OX40
signaling in autoreactive T cells triggered the disappearance.

Finally, we showed that enhanced OX40-signaling cancelled
the peripheral disappearance of Dsg3H1-Rag2�/� T cells even
in the Dsg3�/� thymus transplantation model (Fig. 7D). In fact,
Dsg3H1-Rag2�/� T cell proportions in the Sp and SLNs, but
not the thymus, were significantly increased by an anti-OX40

Fig. 6. Constrained OX40-signaling in
Dsg3H1-Rag2�/� CD4+ T cells is crucial for
their Treg-dependent peripheral disappear-
ance. (A and B) FCM plots and quantitative
summary of Birc5hi Dsg3H1-Rag2�/� T cells in
SLNs 3 d after transfer to DT-treated WT and
DEREG mice (gated on Vβ6+Ly5.1+CD4+).
(C) Proportion of Birc5hi Dsg3H1-Rag2�/�

T cells in SLNs 3 d after transfer to WT mice
and anti-OX40L Ab-injected WT mice (gated
on Vβ6+Ly5.1+CD4+). (D) Procedure for the
transfer of Dsg3H1-Rag2�/� T cells to PBS or
agonistic anti-OX40 Ab-injected WT mice.
(E) Quantitative summary of Birc5hi Dsg3H1-
Rag2�/� T cells in SLNs 3 d after transfer to
PBS or agonistic anti-OX40 Ab-injected WT
mice (gated on Vβ6+Ly5.1+CD4+). (F and G)
FCM plots and quantitative summaries of
PBS or anti-OX40 Ab-injected WT mice
after the transfer of 1 × 106 CellTrace-
labeled Ly5.1+ Dsg3H1-Rag2�/� T cells and
1 × 106 Ly5.2+ WT T cells as an internal
control (gated on CD4+). Proliferated Cell-
TracelowLy5.1+Dsg3H1-Rag2�/� T cells and
CellTrace+Ly5.1� cotransferred WT T cells
were gated by red and black square.
Remaining Dsg3H1-Rag2�/� T cell ratio was
calculated as the proportion of CellTrace-
lowLy5.1+Dsg3H1-Rag2�/� T cells divided by
that of CellTrace+Ly5.1� WT T cells. (H and
I) Pathology of the palate of PBS or anti-
OX40 Ab-injected WT mice and clinical
score at day 14 after the transfer of
Dsg3H1-Rag2�/� T cells. For IF, the palate
was stained with anti-Ly5.1 Abs (green) and
DAPI (blue). Dotted lines indicate the BMZ.
In H&E-stained images, infiltrating lympho-
cytes (yellow arrow), Civatte body (green),
and liquefaction (white) are indicated.
(Scale bars, 50 μm.) The data of three inde-
pendent experiments were pooled (n = 2 to
4). (J) Pathology of the palate of anti-OX40
Ab- or PBS-injected WT mice at day 14 after
the initiation of treatment. (Scale bars, 50
μm.) Means ± SEMs are shown. ns, not

significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 based on unpaired t tests (B, C, E, G, and I) between the groups. Data are from three
(A–C, F, and G) or two (E and J) independent experiments (n = 3 to 5 mice per group)
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agonistic Ab (Fig. 7E). Therefore, an enhanced OX40-signaling
can overcome the peripheral disappearance, a physiological
mechanism for avoiding autoimmunity in WT mice.

OX40 on Tregs Is Crucial in Terms of the Peripheral Disappearance
of Dsg3H1-Rag2�/� T Cells. Finally, to investigate the contribution
of Treg OX40 to the peripheral disappearance of Dsg3H1-
Rag2�/� Tcells, we generated mixed-BM chimeras; lethally irra-
diated WT mice were reconstituted with 1:1 mixtures of
DEREG and OX40�/� bone marrow (BM) cells. Control mice
were reconstituted with DEREG and WT BM cells. After DT
injection into recipients of DEREG and OX40�/� BM cells,
Tregs derived from DEREG BM cells were supposed to be
deleted and Tregs derived from OX40�/� BM cells were sup-
posed to remain, whereas the BM-derived immune cell popula-
tions, other than Treg, could express OX40 given that they were
mixed populations of OX40þ/þ and OX40�/� cells. In contrast,
residual Tregs were supposed to express OX40 because they
were of OX40þ/þ status after DT injection in the recipients of
DEREG and WT BM cells (Fig. 8A). A comparison of the two
conditions allowed evaluation of the contribution of OX40 on
Tregs to peripheral disappearance after adoptive transfer of
Dsg3H1-Rag2�/� Tcells to mixed-BM chimeric recipients.

As results, there was no significant difference in OX40
expression on Tconvs between the two conditions, while OX40
expression on Tregs were significantly lower in the recipients of
DEREG and OX40�/� BM cells after DT injection as expected
(Fig. 8 B and C). When Dsg3H1-Rag2�/� T cells were adop-
tively transferred into these mice, higher OX40L expression of

migratory DCs and higher Birc5 expression of transferred T
cells were observed on day 3 in recipients of DEREG and
OX40�/� BM cells compared to recipients of DEREG and WT
BM cells (Fig. 8 D and E). On day 14, transferred Dsg3H1-
Rag2�/� Tcells remained and tissue inflammation was histologi-
cally apparent (Fig. 8 F–H).

To further determine the effects of Treg OX40 to the peripheral
disappearance of Dsg3H1-Rag2�/� Tcells, Foxp3Cre-ERT2-OX40flox/flox

mice were generated (SI Appendix, Fig. S7A). In these mice,
OX40 expression level of Tregs was decreased after tamoxifen
(TAM) treatment (SI Appendix, Fig. S7 B and C). After daily
treatment of TAM for 5 d, Dsg3H1-Rag2�/� T cells were
adoptively transferred into Foxp3Cre-ERT2-OX40flox/flox mice;
Birc5 expression was up-regulated on day 3 and the cell popu-
lations remained rather high, inducing tissue inflammation
that was histologically and clinically apparent on day 14
(SI Appendix, Fig. S7 D–G, n = 2). These results were consis-
tent with the findings of the aforementioned mixed-BM
chimera mice in terms of the crucial roles of OX40 in Treg
on the peripheral disappearance of Dsg3H1-Rag2�/� T cells
(Fig. 8 E–H).

Taken all together, findings presented here clearly demon-
strated that peripheral tolerance has a potent function that
eliminates autoreactive CD4+ T cells in an antigen-specific
manner under physiological condition of WT mice even if cen-
tral tolerance is imperfect. This mechanism is crucially medi-
ated by Tregs, especially OX40 on the Tregs is one of the
important factors for the peripheral disappearance, constrain-
ing OX40-signaling in autoreactive pathogenic Tcells.

Fig. 7. Peripheral deletion was achieved via loss of OX40 signaling in Dsg3H1-Rag2�/� T cells. (A) Outline of OX40�/� Dsg3H1-Rag2�/� T cell transfer
experiment. OX40�/� or control Ly5.1+ Dsg3H1-Rag2�/� T cells were prepared by CRISPR/Cas9 genome editing with OX40 or negative control guide RNA
(gRNA). The cells were transferred into anti-OX40 Ab-treated WT mice. (B and C) FCM plots of lymphocytes in SLNs of the recipient mice on day 14 after
transfer of 1 × 105 cells Ly5.1+ OX40�/� or control Dsg3H1-Rag2�/� T cells and 1 × 105 cells Ly5.2+ WT T cells (an internal control), both of which were
CellTrace-labeled (gated on CD4+). Proliferated CellTracelowLy5.1+Dsg3H1-Rag2�/� T cells and CellTrace +Ly5.1� cotransferred WT T cells were gated by
red and black squares, respectively. Remaining Dsg3H1-Rag2�/� T cell ratio was calculated as the proportion of CellTracelow Ly5.1+Dsg3H1-Rag2�/� T cells
divided by that of CellTrace+Ly5.1� WT T cells. Data are from two independent experiments (n = 3 mice per group). (D) Outline of the anti-OX40 Ab injec-
tion experiment. Thymus-transplanted chimeric mice underwent BMT from Ly5.1-Dsg3H1-Rag2�/� mice, followed by administration of the indicated Abs.
(E) Proportion of Dsg3H1-Rag2�/� T cells in the thymus, SLNs, and Sp of PBS- or anti-OX40 Ab-injected mice (n = 6, data pooled from two independent
experiments). Means ± SEMs are shown. ns, not significant, *P < 0.05, and **P < 0.01 based on unpaired t tests (C and E) between the groups.

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

Iriki et al.
Peripheral tolerance by Treg via constraining OX40 signal in autoreactive T cells
against desmoglein 3, a target antigen in pemphigus

PNAS j 9 of 12
https://doi.org/10.1073/pnas.2026763118

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026763118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026763118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026763118/-/DCSupplemental


Discussion
Using thymus transplantation and adoptive transfer models, we
show the existence of peripheral tolerance to Dsg3, a nonartificial
autoantigen in the epidermis, and dissect a part of the cellular and
molecular mechanisms that prevent autoreactivity of Dsg3-specific
Tcell via inducing the deletion to keep the subjects healthy under
physiological conditions. The thymus transplantation model pro-
vided a unique immunological situation in which tolerance func-
tioned only in the periphery in a Dsg3-specific manner without
modifying expression of Dsg3 as the peripheral antigen. Further-
more, the adoptive transfer model not only reconfirmed the exis-
tence of Dsg3-specific peripheral tolerance but also elucidated the
mechanism at the cellular and molecular levels using a variety of
recipients (SI Appendix, Table S1).

There are few previous reports that analyzed peripheral
immune reaction utilizing thymus transplantation. In the model
using melanocyte tyrosinase as an antigen, tyrosinase�/� thymus
was transplanted to thymectomized mice and lack of splenic Tcell
activity was observed after infection with tyrosinase-bearing
recombinant virus (28). Different from the previous study, our
experimental system, utilizing thymus transplantation, was able to
assess the tolerance mechanism in the periphery under the physi-
ological condition without influence from central tolerance. In
addition, we identified the peripheral deletion in a unique way.

Peripheral tolerance identified in this study was mediated by
the peripheral disappearance of Dsg3-specific CD4+ T cells,
which requires Treg function. We showed that even Tregs
severely affected by the Foxp3R397W mutation were sufficient to

cause peripheral disappearance of autoimmune Dsg3-specific T
cells. To identify one of the crucial pathways that link between
responsible Tregs and affected Dsg3H1-Rag2�/� T cells, we ini-
tially searched for Treg-specific genes that remained expressed
in these Foxp3R397W-mutated Treg cells and found that the
OX40 was one of the candidates for regulating peripheral dis-
appearance. Indeed, our in vitro study revealed that OX40 in
Tregs is crucial to lower OX40L expression in DCs that are
expected to interact with autoreactive T cells in an antigen-
specific manner. Moreover, results from experiments blocking
or stimulating the signal implied that the OX40-OX40L axis
between T cells and DCs is one of the critical pathways for
peripheral tolerance to Dsg3. Additionally, the disappearance
of OX40�/� Dsg3H1-Rag2�/� T cells, prepared via CRISPR/
Cas9 gene editing, under anti-OX40 agonistic Ab-injected con-
dition, demonstrated that OX40 signaling in Dsg3H1-Rag2�/�

T cells was specifically required for survival. Furthermore,
experiments utilizing mixed-BM chimeric mice and Treg-
specific OX40 conditional knockout (cKO) mice in which
almost all Tregs lacked OX40 implied that the peripheral disap-
pearance was, at minimum, regulated by OX40 on Tregs, thus
revealing a function of Tregs.

The roles of OX40 in Tregs are minimally understood (29,
30). Forced expression of Foxp3 in conventional T cells alone
does not reproduce Treg-specific epigenetic features (31); most
of the Treg-specific superenhancer (Treg-SE) landscape is deter-
mined by Satb1 during thymic Treg development irrespective of
Foxp3 (32). OX40 is governed by Treg-SE and is down-regulated

Fig. 8. The lack of OX40 in Tregs disturbs
constraints on OX40 signaling and the
peripheral disappearance of Dsg3H1-
Rag2�/� T cells. (A) An outline of the
experiment featuring generation of
mixed-BM chimeric mice receiving DEREG
and OX40�/� or WT BM cells, and evalua-
tion of Dsg3H1-Rag2�/� T cell fates in the
absence or presence of Treg OX40. (B and
C) Histogram and quantitative summaries
of the Tconvs (CD4+Foxp3�) and Tregs
(CD4+CD25+Foxp3+) in peripheral blood
cells of the indicated mice utilizing at 2 d
after DT injection. DEREG:WT and DEREG:-
OX40�/�, respectively, are WT mice trans-
planted with 1:1 mixtures of DEREG and
WT or DEREG and OX40�/� BM cells.
(D and E) Quantitative summary of
OX40L expression in migratory DCs (D:
CD11cintMHCIIhigh) and Birc5hi Dsg3H1-
Rag2�/� T cells (E: Vβ6+Ly5.1+CD4+) of SLNs
at 3 d after adoptive transfer. (F and G)
FCM plots and quantitative summaries of
Dsg3H1-Rag2�/� T cell proportions in SLNs
at 14 d after adoptive transfer. For adop-
tive transfer, 1 × 106 Dsg3H1-Rag2�/� and
1 × 106 WT T cells, both of which were
CellTrace-labeled, were transferred. Prolif-
erated CellTracelowLy5.1+ Dsg3H1-Rag2�/�

T cells and Ly5.2+ WT CD4+ T cells as an
internal control were gated by red and
black squares, respectively. Remaining
Dsg3H1-Rag2�/� T cell ratio was calculated
as the proportion of CellTracelowL-
y5.1+Dsg3H1-Rag2�/� T cells divided by
that of Cell Trace+Ly5.1� WT T cells. (H)
Pathology of the palate at day 14 after
adoptive transfer of Dsg3H1-Rag2�/� T

cells. In H&E-stained images, infiltrating lymphocytes (yellow arrowheads) and liquefaction degeneration (white arrowheads) are indicated. (Scale bars, 50 μm.)
Means ± SEMs are shown. ns, not significant, *P < 0.05, and ***P < 0.001 based on unpaired t tests between the groups. Data are from two independent experi-
ments (n = 3 to 7 mice per group).
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by Satb1 deficiency in Tregs. Indeed, OX40 expression is report-
edly maintained even in severely affected mutant Tregs that
result in systemic inflammation indistinguishable from that of
Foxp3�/� mice (33). Although we have only just begun to under-
stand the epigenetic changes involved in Treg development,
these results including our findings together indicate that OX40,
whose expression is epigenetically programmed irrespective of
Foxp3, may be a crucial Treg molecule in peripheral tolerance.

We observed three things during the peripheral disappear-
ance: OX40 levels were up-regulated in Tregs as well as Dsg3-
specific Tregs; OX40L up-regulation in migratory DCs was
constrained; and OX40-signaling in Dsg3H1-Rag2�/� Tcells was
suppressed. The latter two observations were not valid in the
Treg-deficient condition and mixed-BM chimeric mice in which
almost all Tregs lacked OX40, and the last was also invalid in
Treg-specific OX40 cKO mice. It may be partly mediated via
interaction between Tregs and DCs as shown in our coculture
experiments (Fig. 5 A–D). These findings indicate that autoreac-
tive CD4+ T cells, migratory DCs, and Tregs could be intricately
connected to the peripheral disappearance of Dsg3H1-Rag2�/�

CD4+ T cells, adjusting the intensity of the OX40-signaling as a
part of the underlying mechanisms.

Regarding the roles of OX40 in immunological peripheral
tolerance, only restoration of anergic state in CD4+ and CD8+

T cells by agonistic OX40-signaling was previously demon-
strated (34–36), but roles of OX40 in deletional tolerance had
been unknown. Induction of peripheral T cell deletion in the
absence of OX40-signaling was identified in our study. Such
deletion should be a robust and decisive immune tolerance
mechanism because it physically eliminates the risk of reactiva-
tion of autoreactive T cells. In this sense, our data highlight an
important role for OX40 in tolerance.

Antigen presentation of Dsg3 by migratory DCs is the first
step in the peripheral disappearance of proliferating Dsg3-
specific T cells. It is puzzling why autoreactive T cells have to
proliferate before deletion. This process is partly supported by
a previous study that used H+/K+ ATPase-specific TxA23 CD4+

T cells. These T cells potentially induced autoimmune gastritis
after transfer to lymphopenic mice but proliferated before dele-
tion in paragastric LN after transfer to WT mice (37). Our
results and a previous study indicate that antigen presentation
is necessary to not only initiate the tolerogenic process but also
give antigen specificity to this process. In addition, the presence
or absence of Tregs determines completely different immuno-
logical outcomes after T cell proliferation (i.e., constraint vs.
induction of autoimmunity), indicating a central role of Tregs
in this deletional mechanism.

Possible mechanisms by which Treg OX40 can constrain
OX40-signaling in Dsg3H1-Rag2�/� T cells are competition-
and trogocytosis-based processes. Both processes need Dsg3H1
T cells, Dsg3 antigen-presenting APCs, and Tregs to colocalize.
OX40L on APCs may be competitively occupied by
up-regulated OX40 on Tregs and subsequently lose the chance
to initiate OX40-OX40L signaling into Dsg3H1-Rag2�/� T cells
after the ligation. In contrast, trogocytosis is known as a process
in which T cells extract surface molecules during antigen-
specific contact with APCs (38, 39). In addition, Treg acquisi-
tion of CD86 from DCs via CTLA-4 has been demonstrated as
one of the immunoregulatory function of CTLA-4 (40), and it
is no wonder that OX40L on DCs is subject to trogocytosis by
Tregs. Our in vitro coculture experiments elucidated that
OX40L was predominantly enriched in PKH67+ WT Tregs that
acquired cell membrane component from DCs, and, therefore,
supported the possibility of trogocytosis as the mechanism to
down-regulate OX40L in DCs, at least (Fig. 5 A–D).

Although our study provides mechanistic insights into the
peripheral deletional tolerance of autoreactive CD4+ Tcells, we
must note several limitations. As the Dsg3H1-Rag2�/� T cells

used in this study express high-avidity TCR (14), the immuno-
logical responses of such transgenic T cells may not be identical
to those of autoreactive T cells. Ideally, we should have used
not only transgenic T cells but also polyclonal autoreactive T
cells. However, Dsg3-specific polyclonal T cells could not be
detected by the Dsg31-15:I-Ab tetramer in the absence of rDsg3
immunization to expand Tcells and allow better visualization. In
addition, the fate of Dsg3H1-Rag2�/� T cells will have been
affected by the large numbers thereof in the adoptive transfer
model and their relatively high chimeric ratio in the thymus-
transplanted chimeric model. It has been reported that when
the number of adoptively transferred cells is high (e.g., 3 × 105

cells), the viable cell numbers decrease more rapidly and the
fate of transferred cells changes depending on the dosage (41).
As the number of cells that we administered was high compared
to that of the previous study, we must consider the possibility
that the large number of cells affected their fate. These issues
need to be overcome in future. Also, the phenomenon that we
observed does not necessarily occur in all T cells. However, our
analysis using a Dsg3-specific T cell clone allowed us to identify
a Tcell phenomenon that is an attractive therapeutic target.

The usefulness of Tregs for clinical immune regulation is
gaining attention. Adoptive Treg cell therapy has been used in
GVHD and allograft rejection (42, 43), and clinical trials tar-
geting autoimmune diseases such as type 1 diabetes mellitus
are under way (44). These therapies utilize Treg preparation
protocols such as polyclonally expanded tTregs or iTregs. On
the other hand, our data reveal that Tregs are important in reg-
ulating Dsg3-specific T cells. Since Dsg3-specific CD4+ T cells
can be detected in PV patients with an MHCII tetramer (45),
the recent discovery of a compound that converts effector T
cells to Tregs by inhibiting CDK8/19 in mice (46) would make
possible the preparation of Dsg3-specific Tregs for antigen-
specific Treg therapy of PV.

In conclusion, we have demonstrated the existence of periph-
eral tolerance to induce Dsg3-specific T cells disappearance,
using a thymus transplantation model with divergent expression
of autoantigen between the thymus and periphery. In terms of
the underlying mechanisms, Treg OX40 played a pivotal role in
constraining OX40-signaling in autoreactive Tcells prior to their
disappearance. Elucidation of this mechanism suggests promis-
ing therapeutic approaches targeting Treg or OX40-OX40L sig-
naling for control of Tcell-mediated autoimmune diseases.

Materials and Methods
Detailed experimental methods including those for flow cytometry, transplan-
tation of thymus and BM, adoptive transfer, injection of reagents, coculture
experiments, CRISPR/Cas9 gene editing, generation of OX40-floxed mice, and
histological analyses appear in SI Appendix. The Keio University Ethics Com-
mittee and RIKEN ethics committee for Animal Experiments approved all of
the experiments in this study.

Data Availability. Transcriptome data utilized for Fig. 4B are available in
the Gene Expression Omnibus database, https://www.ncbi.nlm.nih.gov/geo/
(GSE89744). All other study data are included in the article and/or SI Appendix.
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